A novel printed ultrawideband (UWB) CPW-fed Koch fractal slot antenna is proposed. The UWB bandwidth is largely enhanced by the three-iteration Koch fractal slot whose extrusive angle is 900 instead of 600 to obtain better convoluted shape and selfsimilarity. The −10 dB impedance bandwidth is 3400 MHz (1270-4670 MHz) or about 114% in comparison with 1290 MHz (1620-2910 MHz) or about 57% of the referenced square slot antenna. Details of the proposed antenna design and performance are presented and discussed.
Introduction
Owing to the progress in wireless communication systems and the increase in their applications, the ultrawideband (UWB) antenna has become a key component in developing the UWB technique [1] . Conventional antennas are designed to radiate in a relatively narrow range of frequencies. As opposed to traditional narrowband antennas, the UWB antennas can transmit and receive electromagnetic waves in a wide range. The UWB antennas are used to transmit the pulses with minimum distortion in the shape of the pulses. What is more, the demand for portable, low profile, and compact wireless systems has increased research interests in miniature antennas [2] . As an important member of the UWB family, the slot antenna has the merits of wideband, low cost, light weight, easy fabrication and so on [3] [4] [5] . It can be easily integrated with microwave integrated circuits. What is more, they have the merits of low radiation loss, less dispersion too. The coplanar-waveguide-(CPW-) fed printed slot antennas have the simplest structure of a single metallic layer [3] [4] [5] [6] [7] . It can be easily integrated with monolithic microwave-integrated circuits. Some attempts have been made to enhance the bandwidth among various slot antennas, including the use of taper CPW [3] , loaded strips [4] , inset L-strip tuning stub [5] , and U-shaped tunning stub [6] . Reference [7] used a widened tuning stub to enhance the bandwidth of the square slot antenna to 60% bandwidth.
The term fractal, which means broken or irregular fragments, was originally coined by Mandelbrot to describe a family of complex shapes that possess an inherent selfsimilarity in their geometrical structure. Fractal antennas, due to the property of self-similarity and the ability of filling the space, have the self-loaded characteristic to allow for smaller, multiband and broadband antenna design [8] [9] [10] [11] [12] [13] [14] . So they can enhance the bandwidth without any additional matching element.
In this paper, a promising bandwidth-enhancement technique is applied in the CPW-fed slot antenna in [15] . The modified Koch fractal is applied in the slot of the proposed antenna. The slot is achieved by three Koch iterations. And then through adjusting the gap between the tuning stub and the ground plane, the impedance bandwidth can enhance largely.
Antenna Design and Performance
The geometry of the proposed antenna is shown in Figure 1 . The antenna is printed on the FR-4 substrate with the thickness of h = 1.6 mm and relative permittivity of ε r = 4.6. The ground is chosen to be square, whose side length is G = 72 mm. The antenna is fed by a 50 Ω CPW feed line, which has a metal strip of width w f = 6.37 mm and a gap of distance g = 0.5 mm. A widened tuning stub of length L 3 = 22.5 mm and width w = 36 mm is connected to the end of the CPW feed line. Unlike the tuning stub in [12] , that of the proposed antenna is symmetrical with respect to the feed line and printed in the same layer with the metal ground. This design can obtain more symmetrical radiation patterns, especially in the high-frequency section. The spacing between the tuning stub and edge of the ground plane is S = 1.4 mm. The Koch fractal slot is achieved by 3 iterations based on the square slot of L = 44 mm. Figure 2 gives the geometry of square slot and three modified Koch slots with different iterations. Unlike the Koch fractal forms in [13, 14] , the extrusive angle of fractal is 90
• instead of 60
• so as to obtain better convoluted shape in the slot and better self-similarity in the corners. Three sides of the square slot are replaced by the 90
• -angle Koch islands. Higher iterations of the modified Koch curves are constructed by subtracting smaller and smaller right-angled isosceles triangles from the former structure, as shown in Koch1-3 of Figure 2 .
At higher iteration k, the area of the slot increases. Let A k be the area of the slot at Koch k (let the area of the square slot 
where a is the side of the initial square slot that has an area A 0 = a 2 . The overall perimeter for Koch k is given by
The perimeter increases by l k − 4a, which means the resonance frequency reduction can be achieved. In other words, with the assigned resonance frequency, the volume of the antenna is reduced with the higher iterations. Figure 3 shows return loss of reference and modified Koch slot antennas for different iterations. As shown in Figure 3 , the measured −10 dB impedance bandwidth of the Koch fractal antenna is 3400 MHz (1270-4670 MHz) or about 114%, while the reference one without the fractal iterations is 1290 MHz (1620-2910 MHz) or about 57%. The Koch fractal expands the bandwidth to be about 2 times of the reference antenna with a square slot. Figure 4 is the measured copolarized far-field radiation patterns of novel antenna at E and H planes at different frequencies. The radiation patterns keep relatively symmetrical and stable at both planes in the whole operating frequency band. Figure 5 is the gain of the fractal slot antenna. The maximum and minimum values are 5.7 and 3.6 dB, respectively, resulting in the maximum gain variation of 2.1 dB over the entire UWB frequency band.
Conclusion
A novel CPW-fed Koch fractal slot antenna has been proposed and investigated. The application of the Koch fractal slot enhances the impedance bandwidth obviously. This design is a breakthrough in expanding the bandwidth of the slot antenna and can be directly applied to UWB communications. This fractal technique can also be expected to apply other antennas with square or rectangular slots to enhance the impedance bandwidth.
